1. Introduction {#s0005}
===============

Testicular ischemia reperfusion injury (tIRI) is the suggested underlying mechanism for testicular torsion and detorsion (TTD), which is a urological emergency that commonly affects young males with a possibility of future infertility issues ([@b0185]). It is well documented that TTD/tIRI results in oxidative DNA damage, seminiferous tubule (ST) atrophy and germ cell apoptosis (GCA) ([@b0035]). Deciphering the cellular pathways following TTD/tIRI is critical in understanding male infertility issues since the abnormal spermatozoa of infertile men are commonly linked to oxidative stress ([@b0045]). If the intracellular antioxidant system is impaired and/or the production of reactive species (ROS) exceeds the cellular defense capacity, this will create oxidative stress (OS) ([@b0240]).

NADPH oxidase (NOX) is one of the main endogenous sources of ROS. It is composed of two membrane-bound subunits (gp91^phox^ and p22^phox^), three cytosolic subunits (p67^phox^, p47^phox^ and p40^phox^) and a guanine nucleotide-binding (G) protein ([@b0040]). Subunit assembly of the enzyme is required to catalyze the electron transfer from NADPH to oxygen and releasing the superoxide anion according to the following reaction: NADPH + 2O~2~ → NADP^+^ + H^+^ + 2O~2~^−^. The physiological importance of NOX was emphasized by its association with chronic diseases or diseases associated with excessive NOX-generated ROS ([@b0205]). In the testes, NOX5 has been identified in spermatocytes, which play an essential role in germ cell proliferation and fertilization ([@b0055]). There is also growing evidence showing enhanced ROS generation by NOX during endoplasmic reticulum (ER) stress ([@b0140]). Physiologically, the ER produces ROS during cell metabolism, however, it increases during ER stress due to elevation in improper protein folding ([@b0305], [@b0220]). It was found that some ER chaperones have functional interactions with NOX in distinct cell types ([@b0215]). Furthermore, post-translational modifications of some NOX subunits are carried out by glucose-incorporating enzymes within the ER membrane ([@b0105]). Patients born with a congenital deficiency of such enzymes suffer from neutrophil dysfunction in association with compromised NOX activity ([@b0135]). It has also been speculated that although some short and immature NOX isoforms maintain their ability to produce ROS, however, they lack the domains responsible for traffic and membrane anchoring, which render them retained in the ER ([@b0210]). These reports are indicative of the possible role of ER in cellular redox physiology and pathophysiology.

Excessive accumulation of unfolded or misfolded proteins in the ER disturbs protein homeostasis generating ER stress, which provokes its quality control system namely the unfolded protein response (UPR) pathway ([@b0130]). In normal conditions, three ER transmembrane transducers are found bound to the chaperone glucose-regulated protein 78 (GRP78), a chaperone protein that regulates the folding and trafficking of proteins and is upregulated during ER stress. The three transducers are inositol requiring kinase 1 (IRE1), pancreatic ER kinase (PERK) and activating transcription factor 6 (ATF6) that are maintained inactive by their attachment to GRP78. Under ER stress, GRP78 overexpression prompts the release of these transducers resulting in their activation and initiating the UPR pathway ([@b0030]).

ER stress has also been associated with triggering the apoptosis cascades. ER-mediated apoptosis is mediated by the activation of: (1) PERK/ATF6-induced expression of the transcription factor C/EBP homologous protein (CHOP), (2) CHOP-activated ER-associated caspase 12, and (3) the IRE1-induced ASK1/JNK apoptosis pathway ([@b0125], [@b0085]). During ER stress, procaspase 12 becomes activated by homodimerization and elicits a cascade of reactions leading to the activation of caspases 9 and 3 to eventually achieve a cytochrome *c*-independent apoptosis ([@b0265], [@b0260], [@b0125]).

Thus, we hypothesize that NOX-derived ROS plays a role in tIRI-induced oxidative DNA damage and GCA in association with activation of the UPR pathway as a result of ER stress. The objective of this study is to examine the role of NOX in ROS generation during tIRI using its selective inhibitor, apopcynin, and prior to reperfusion of the ischemic testis and establish a direct link between ER stress and NOX activity.

2. Materials & methods {#s0010}
======================

2.1. Animals and ethics {#s0015}
-----------------------

Eight weeks old male Sprague Dawley (SD) rats (300--380 g) (Charles River, Waltham, MA, USA) were equally divided into three groups: sham (n = 12), unilateral tIRI (n = 12), and tIRI-treated with apocynin (n = 12). Rats were kept at a 12 h' light and dark cycle with food and water provided at all times. The animals were housed and cared for by the animal house at the Health Science Center, Kuwait University. The surgical protocol was approved by the ethics committee on animal research at Kuwait University.

2.2. Surgery {#s0020}
------------

Prior to surgery, the anesthetic was prepared by mixing ketamine (50 mg/kg; Tekam, Hikma Pharmaceuticals, Jordan) and xylazine (2 mg/kg; Rompun, Bayer GMP, Germany), which was administered intraperitoneally (i.p.). When sedated, the inguinal region was shaved and sterilized with Betadine and 70% ethanol. The incision was made at the left ipsilateral side while the right contralateral testis side remained intact serving as a positive internal control ([@b0025]). The first group underwent a sham operation whereby the left testis was exposed for 1 h before placing it back into the scrotal sac, the incision was closed with surgical clips and rats were allowed to recover for 4 h. The other two groups endured an ischemic injury by clamping the testicular artery using a straight bulldog clamp (700 g pressure; Roboz Surgical Instrument Co., Gaithersburg, MD, USA) to block blood flow to the left ipsilateral testis for 1 h. After 30 min from inducing ischemia, the tIRI only-subjected rats were i.p. injected with 250 µl of the vehicle dimethyl sulfoxide (DMSO). The third group was i.p. injected with apocynin (50 mg/kg dissolved in DMSO; Selleckchem, Houston, TX, USA). The clamp was removed to allow for blood re-flow. The reperfusion period lasted for 4 h after which all animals were sacrificed by decapitation. Both testes were harvested from each rat, one half from each testis was stored at −80 °C for molecular and biochemical assays, while the other half was fixed in Bouin's solution (50% saturated picric acid, 35% distilled water, 10% formalin and 5% acetic acid) for histological analysis.

The dosage and i.p. administration of apocynin (50 mg/kg) were selected based on earlier studies using the same drug to investigate cerebral IRI ([@b0380]), striatum neurotoxicity ([@b0100]) and spinal cord injury ([@b0325]). The timing of apocycin injection during tIRI was decided based on the acute nature of the injury and its relation to the clinical settings of TTD.

2.3. Histological analysis {#s0025}
--------------------------

Fixed testes were processed prior to embedding in paraffin blocks. Tissue sections (4 µm) were stained with hematoxylin and eosin (H&E) and were examined using the Zeiss LSM 700 light microscope (Carl Zeiss Microscopy Ltd. Jena, Germany) at different magnifications (10×, 20× and 40×). For spermatogenesis evaluation, images captured at 40× magnification were analyzed by the Johnsen scoring system ([@b0165]). Thirty STs per testis per group were evaluated in a blinded manner.

Immunofluorescence (IF) staining of tissue sections (4 µm) was carried out as previously described ([@b0015]) using the following primary antibodies: survivin and p-JNK (Santa Cruz Biotechnology, Dallas, TX, USA), p-ASK1 (Bioss Antibodies, Woburn, MA, USA), eIF2α1 (phospho S51), CHOP, GRP78 and caspase 12 (Abcam, Cambridge, UK) and γ-H2AX (Cell Signaling, Danvers, MA, USA). Slides were visualized with the Zeiss LSM 700 confocal microscope (Carl Zeiss Microscopy Ltd. Jena, Germany) and the fluorescence intensity of 30 STs/testis/group was measured using the ZEN black and ZEN blue software. A double sequential IF staining was performed for the phosphorylated forms of ASK1 and JNK using their respective antibodies and the above-mentioned dilutions.

The terminal deoxynucleotidyl transferase dUTP nick end labeling (TUNEL) assay was performed using the *in situ* cell death detection kit (Roche, Basel, Switzerland) following the manufacturer's protocol. Stained slides were examined under the Zeiss LSM 700 confocal microscope (Carl Zeiss Microscopy Ltd. Jena, Germany) and images were processed with the ZEN Black and ZEN Blue software (Carl Zeiss Microscopy Ltd. Jena, Germany). The fluorescent nuclei from 30 STs per testis per group were counted.

2.4. Biochemical assays {#s0030}
-----------------------

Total protein extracts were prepared from frozen testes using the radio-immunoprecipitation assay (RIPA) lysis buffer (Santa Cruz, Dallas, TX, USA) in the presence of protease inhibitors.

All assays were performed following the manufacturers' protocols. A standardized protein concentration was individually determined for use in each of the following biochemical assays.

The activity of the enzyme superoxide dismutase (SOD) was determined indirectly using the SOD Determination Kit (Sigma-Aldrich, St. Louis, MO, USA). Malondialdehyde (MDA) was assayed using the BIOXYTECH® LPO-586™ kit (Oxis Research, Portland, OR, USA). The level of cellular protein carbonylation was measured using the protein carbonyl content (PCC) Assay kit (BioVision, Milpitas, CA, USA). The NADP/NADPH Quantification Kit (Sigma-Aldrich, St. Louis, MO, USA) was used as an indirect measure for NOX activity. The enzyme activity of poly ADP-ribose polymerase (PARP) was determined using the PARP universal colorimetric assay kit (R&D Systems, Minneapolis, MN, USA). The caspase-9 colorimetric assay kit (BioVision, Milpitas, CA, USA) and the caspase 3 assay kit (Sigma-Aldrich, St. Louis, MO, USA) were used to measure the enzyme activity of caspases 9 and 3, respectively. Survivin protein concentration in testicular tissue was quantified using the competitive rat survivin enzyme-linked immunosorbent assay (ELISA) kit (MyBioSource, San Diego, CA, USA).

2.5. Molecular assays {#s0035}
---------------------

Genomic DNA (gDNA) was extracted from frozen testicular tissue by using the DNeasy blood and tissue kit (Qiagen, Venlo, Netherlands). The concentration of 8-hydroxy-2′-deoxyguanosineis (8-OHdG) was quantified using the EpiQuik™ 8-OHdG DNA damage quantification direct kit (Epigentek, Farmingdale, NY, USA). The absolute concentration of 8-OHdG was calculated using a standard curve made of purified 8-OHdG samples provided in the kit.

RNA isolation, reverse transcription and realtime PCR was performed as previously described ([@b0025]). Standardized gene-specific Taqman assays for Birc5 (survivin; Rn00574012_m1), and β-actin (Rn00667869_m1) were purchased (Applied Biosystems, Foster City, California, USA). Reactions were carried out using the ABI Prism Sequence Detection System (SDS) 7500 (Applied Biosystems, Foster City, CA, USA) using the following real-time PCR conditions: 50 °C for 2 min, 95 °C for 10 min followed by 40 cycles of 95 °C for 15 s and 60 °C for 1 min. Relative mRNA expression was quantified using the 2^−ΔΔ^*^Ct^* method ([@b0230]) by setting the gene expression in sham samples to 1.00 (calibrator) and calculating the fold change in expression in tIRI and apocynin-treated groups.

2.6. Western blot {#s0040}
-----------------

The primary antibodies for GRP78, eIF2α1 (phospho S51), DDIT3 (CHOP) and caspase-12 were purchased from Abcam, Cambridge, UK. In brief, 50 μg from each protein sample were resolved by a 10% SDS-PAGE, transferred to a PVDF membrane and incubated overnight with the above antibodies individually at 4 °C. Secondary antibodies and an ECL kit (Amersham, GE Healthcare, Chicago, IL, USA) were used to visualize the specified proteins. Band intensities were measured with the ChemiDoc™ imaging system, which were quantitated by the image lab software (Bio-Rad Laboratories, Hercules, CA, USA).

2.7. Statistical analysis {#s0045}
-------------------------

Results were statistically analyzed using the GraphPad Prism software (GraphPad Software, San Diego, CA, USA). One-way analysis of variance (ANOVA) followed by the Holm-Sidak multiple comparisons test were used for the analysis of raw data and for in between group comparisons. Data are presented as the mean ± standard deviation (SD) and were considered significant if p was \<0.05.

3. Results {#s0050}
==========

3.1. Effect of apocynin on spermatogenesis {#s0055}
------------------------------------------

The tIRI-subjected testes had STs with disrupted morphology, few number of spermatids with a low Johnsen score of 5.67 ± 0.72 as compared to sham (9.93 ± 0.25 \*p \< 0.0001) and apocynin-treated rats (9.67 ± 0.48 ^\#^p \< 0.0001) indicating an arrest of spermatogenesis ([Fig. 1](#f0005){ref-type="fig"}). Normal histological features and spermatogenesis was observed for the STs of ipsilateral testes of sham and apocynin-treated rats as well as contralateral testes from all experimental groups (p \> 0.05).Fig. 1**Effect of apocynin on spermatogenesis.** Rat ipsilateral testicular tissue sections stained with H&E demonstrating normal histological features of the STs and normal spermatogenesis in both sham (A) and apocynin-treated (C). The sections from the tIRI group (B) displayed disrupted germ layers indicating damage to spermatogenesis. Testicular sections were photographed at 10× (A, C and E) and 40× (B, D and F) magnifications.

3.2. Apocynin inhibits NOX activity {#s0060}
-----------------------------------

The activity of NOX was determined indirectly by measuring the levels of NADP, NADPH and their ratio. A significant elevation in NADP levels was measured (pmole/100 μg protein) in ipsilateral tIRI (9.7 ± 1.4) compared to sham (3.0 ± 0.32, \*p \< 0.0001) and apocynin-treated (3.3 ± 0.37, ^\#^p \< 0.0001) ([Fig. 2](#f0010){ref-type="fig"}). Inversely, NADPH concentration (pmole/100 μg protein) was significantly decreased in tIRI-subjected ipsilateral testes (1.3 ± 0.14) in contrast to sham (1.6 ± 0.19, \*p = 0.015) and apocynin-treated groups (1.7 ± 0.2, ^\#^p = 0.0003). The calculated NADP/NADPH ratio showed a significant increase in ipsilateral tIRI-subjected testes (5.3 ± 0.61) compared to sham (2.3 ± 0.7, \*p \< 0.0001) and apocynin-treated rats (2.4 ± 0.6, ^\#^p \< 0.0001) ([Fig. 2](#f0010){ref-type="fig"}).Fig. 2**Apocynin activates NOX during tIRI.** Bar Graphs representing the concentrations of (A) NADP^+^, (B) NADPH and (C) their ratio. While NADP displayed a significant increase in NADP^+^ concentration during tIRI, NADPH levels were reduced as compared to sham and apocynin-treated groups. This resulted in a significant increase in the NADP^+^/NADPH ratio during tIRI indirectly suggesting NOX activation during tIRI. No significant difference was obtained between contralateral testes (P \< 0.05). Data are presented as mean ± SD (n = 6/group). \*tIRI compared to sham and ^\#^apocynin compared to tIRI. I = Ipsilateral and C = Contralateral.

3.3. Apocynin prevents testicular oxidative stress {#s0065}
--------------------------------------------------

The accumulation of ROS because of tIRI had its prominent effect on significantly decreasing SOD activity (90.1 ± 1.45) in contrast to sham (96.4 ± 1.07, \*p \< 0.0001) and apocynin-treated rats (95.2 ± 2.38, ^\#^p \< 0.0001) ([Fig. 3](#f0015){ref-type="fig"}). Moreover, a significant increase in MDA concentration was measured in ipsilateral tIRI-subjected testes (8.8 ± 2.0) in contrast to sham (4.4 ± 1.4, \*p \< 0.0001) and apocynin-treated (3.5 ± 1.0, ^\#^p \< 0.0001) ([Fig. 3](#f0015){ref-type="fig"}). Similarly, PCC was remarkably high in the tIRI ipsilateral testes (1.3 ± 0.5) in comparison to sham (0.59 ± 0.20, \*p = 0.0021) and apocynin-treated groups (0.43 ± 0.31, ^\#^p = 0.0002) ([Fig. 3](#f0015){ref-type="fig"}). There was no significant difference in the levels of SOD, MDA and PCC in contralateral testes (p \> 0.05).Fig. 3**Apocynin prevents testicular oxidative stress.** Ipsilateral tIRI-subjected rats had significantly (A) low SOD activity (%), (B) increased MDA concentration (μM) and (C) heightened PCC levels (nmole) as compared to sham and apocynin-treated groups, which showed baseline levels of SOD, MDA and PCC. No significant difference was measured among contralateral testes (p \> 0.05). Data are presented as mean ± SD (n = 6/group). \*tIRI compared to sham and ^\#^apocynin-treated compared to tIRI. I = Ipsilateral and C = Contralateral.

3.4. DNA damage and repair is diminished by apocynin {#s0070}
----------------------------------------------------

Single and double DNA strand breaks were detected by the TUNEL assay ([Fig. 4](#f0020){ref-type="fig"}). The fluorescently labeled free 3′ DNA ends were visualized using confocal microscopy. The ipsilateral testes of tIRI rats displayed significant DNA strand breaks (51 ± 10) in comparison to sham (0.0 ± 0.0, \*p \< 0.0001) and apocynin-treated rats (0.9 ± 1.3, ^\#^p \< 0.0001). Accumulation of 8-OHdG, a DNA adduct, was found to be higher in the ipsilateral testes of tIRI (25 ± 5.7) compared to sham (18 ± 2.1 \*p = 0.0456) and apocynin-treated rats (17 ± 3.8, ^\#^p = 0.0111) ([Fig. 4](#f0020){ref-type="fig"}). No significant difference was observed between contralateral testes for DNA strand breaks (p \> 0.05). PARP activity, a sensor of DNA damage and repair, was increased in tIRI-subjected testes (0.13 ± 0.02) in contrast to sham and apocynin-treated (0.08 ± 0.02 \*p = 0.0003, 0.09 ± 0.01 ^\#^p = 0.0019, respectively) ([Fig. 4](#f0020){ref-type="fig"}). Expression of the DNA damage response protein, γ-H2AX, was detected by IF staining ([Fig. 4](#f0020){ref-type="fig"}). A significant increase in γ-H2AX immuno-expression was mainly detected in the spermatogonia of tIRI ipsilateral testes with an IF intensity of 1216 ± 112 compared to sham (728 ± 56, \*p \< 0.0001) and apocynin-treated rats (793 ± 67, ^\#^p \< 0.0001). No significant difference was observed among contralateral testes for both PARP activity and γ-H2AX (p \> 0.05).Fig. 4**DNA damage and repair is attenuated by apocynin.** (A-C) Rat ipsilateral testicular tissue sections labeled by TUNEL showing increased DNA damage in tIRI testes in comparison to sham and apocynin-treated groups at 40x magnifications. (D-F) Ipsilateral testicular tissue sections subjected to IF staining for γ-H2AX (yellow) showing increased immune-expression in the spermatogonia of tIRI compared to sham and apocynin-treated groups at 40x magnification. (G) Bar Graph representing 8-OHdG concentration (ng) showing that ipsilateral testes of tIRI had significantly higher concentration of 8-OHdG in comparison to sham and apocynin-treated groups. No significant difference was obtained among contralateral testes (p-value \> 0.05). Data are presented as mean ± SD (n = 6/group). \*tIRI compared to sham and ^\#^apocynin-treated compared to tIRI. I = Ipsilateral and C = Contralateral.

3.5. Apocynin attenuates germ cell apoptosis {#s0075}
--------------------------------------------

The activities of caspases 9 and 3 were increased by 66% and 53% in ipsilateral tIRI rats, respectively as compared to sham (p \< 0.0001) and apocynin-treated (p \< 0.0001) ([Table 1](#t0005){ref-type="table"}). There was no notable activation of caspases 9 and 3 in contralateral testes of the three experimental groups (p \> 0.05).Table 1Expression of apoptosis and DNA damage markers.Sham - ItIRI - ItIRI + Apocynin - I[1](#tblfn1){ref-type="table-fn"}Sham - CtIRI - CtIRI + Apocynin - C[1](#tblfn1){ref-type="table-fn"}Caspase 9 (A~405~)0.03 ± 0.000.05 ± 0.01[\*](#tblfn2){ref-type="table-fn"}0.03 ± 0.006[\#](#tblfn3){ref-type="table-fn"}0.03 ± 0.010.03 ± 0.0040.03 ± 0.01Caspase 3 (mmol pNA/min/ml)15 ± 4.533 ± 7.1[\*](#tblfn2){ref-type="table-fn"}16 ± 5.4[\#](#tblfn3){ref-type="table-fn"}16 ± 6.416 ± 3.813 ± 2.4Survivin (pg/ml)968 ± 31591 ± 91[\*](#tblfn2){ref-type="table-fn"}1079 ± 133[\#](#tblfn3){ref-type="table-fn"}898 ± 1161128 ± 1211035 ± 249Birc5 (Normalized fold expression)1.0 ± 0.00.39 ± 0.07[\*](#tblfn2){ref-type="table-fn"}0.90 ± 0.17[\#](#tblfn3){ref-type="table-fn"}1.0 ± 0.01.1 ± 0.090.90 ± 0.17p-ASK1 (IF intensity)225 ± 151,028 ± 123319 ± 62357 ± 39393 ± 49392 ± 44p-JNK (IF intensity)280 ± 29861 ± 125198 ± 42350 ± 26301 ± 52236 ± 24γ-H2AX (IF intensity)728 ± 561216 ± 112793 ± 67745 ± 85784 ± 120814 ± 97[^1][^2][^3][^4][^5]

The protein expression for survivin, an inhibitor of apoptosis, was visualized and quantified by real-time PCR and ELISA (pg/ml) ([Table 1](#t0005){ref-type="table"}). Survivin protein levels were notably higher by 64% and 82% in ipsilateral sham and apocynin-treated groups, respectively, in contrast to tIRI (\*p = 0.0038 and ^\#^p = 0.0002, respectively). The tIRI-suppressed survivin protein expression was due to a transcriptional down regulation of its encoding gene Birc5 ([Table 1](#t0005){ref-type="table"}). The relative expression of Birc5 mRNA was down-regulated by a fold change of 1.5 and 1.3 in comparison to sham and apocynin-treated groups (p \< 0.0001). No significant difference was obtained for the survivin mRNA and protein expression in the contralateral testes from the three experimental groups (p \> 0.05).

The activation of ASK1 and JNK was confirmed by an increase in the phosphorylation of ASK1 within spermatogonia and spermatocytes, while JNK phosphorylation was mostly localized to spermatocytes only ([Fig. 5](#f0025){ref-type="fig"} and [Table 1](#t0005){ref-type="table"}). Ipsilateral tIRI-subjected testes were found to have significantly higher p-ASK1 IF intensity when compared to sham and apocynin-treated groups (81%, \*p \< 0.0001 and 73%, ^\#^p \< 0.0001, respectively). Similarly, p-JNK displayed high fluorescence intensity among ipsilateral tIRI-induced testes in contrast to sham (67%, \*p \< 0.0001) and apocynin-treated (77%, ^\#^p \< 0.0001). A double immunofluorescence staining for simultaneous detection of ASK1 and p-JNK was performed displaying an overlapping expression (yellow) in the ipsilateral tIRI testicular sections ([Fig. 5](#f0025){ref-type="fig"}). In contralateral testes, phosphorylation of both kinases was similar to sham levels with no significant difference (p-value \> 0.05).Fig. 5**Apocynin inhibits activation of the ASK1/JNK signaling pathway.** Ipsilateral testicular tissue sections subjected to IF staining against the phosphorylated forms of (A-C) ASK1 (green) and (D-F) JNK (red) showing an increased immune-expression in germ cells and spermatocytes of tIRI, respectively, compared to sham and apocynin-treated groups. (G-I) Sequential double IF staining of ipsilateral testis combining p-ASK1, p-JNK and DAPI where the overlap is displayed as yellow color. Images were captured at 40x magnification.

3.6. Apocynin modulates the expression of ER stress markers {#s0080}
-----------------------------------------------------------

The protein expression of the key proteins within the PERK mediator of UPR pathway: GRP78, eIF2α1 (phospho S51), caspase 12 and CHOP, was determined by IF staining and WB analysis ([Fig. 6](#f0030){ref-type="fig"} and [Table 1](#t0005){ref-type="table"}). All four proteins were significantly expressed during tIRI in comparison to sham and apocynin-treated groups (p \< 0.0001) with different cellular localization within the STs. The GRP78 protein expression was found to be remarkably increased in spermatocytes and spermatids of tIRI-subjected rats in contrast to sham by 42% and apocynin-treated rats by 36% (\*p \< 0.0001 and ^\#^p \< 0.0001, respectively). The phosphorylated eIF2α1 was detected in the spermatocytes of ipsilateral tIRI-subjected testes as it displayed high fluorescence intensity compared to sham and apocynin-treated groups (38%, p \< 0.0001). No significant phosphorylation was observed within contralateral testes of the three experimental groups (p \> 0.05). Likewise, CHOP IF expression was also elevated in the spermatocytes of ipsilateral testes of tIRI in contrast to sham by 43% and apocynin-treated group by 45% (p \< 0.0001). Whereas, contralateral testes showed almost equal CHOP IF expression (p \> 0.05). Moreover, caspase 12 was found to be remarkably upregulated in the spermatocytes of ipsilateral tIRI-subjected rats when compared to sham and apocynin-treated groups (46% and 50%, respectively, p \< 0.0001). No significant difference was seen in the contralateral testes of sham, tIRI or apocynin-treated groups (p \> 0.05).Fig. 6**Apocynin modulates the expression of ER stress markers by IF staining.** NOX-induced oxidative and ER stresses through activation of the UPR pathway components in tIRI-subjected testes. Significant upregulation of UPR proteins is demonstrated as high fluorescence intensity in tIRI (B, E, H, K) compared to baseline expression in sham (A, D, G, J) and apocynin-treated groups (C, F, I, L). GRP78 (A-C, blue), p-eIF2α (D-F, green), CHOP (G-I, magenta), and caspase 12 (J-L, green). Images were captured at 40× magnification.

Except for CHOP, the immune-expression of the above UPR proteins were detected by WB analysis ([Fig. 7](#f0035){ref-type="fig"} and [Table 1](#t0005){ref-type="table"}). During tIRI, the expression of GRP78, p-eIF2α1 and caspase 12 was augmented by 57%, 52% and 54% in comparison to sham, respectively, and higher by 35%, 21% and 46% in comparison to apocynin-treated rats, respectively. No significant difference was obtained among contralateral testes (p-value \> 0.05).Fig. 7**Detection of ER stress markers by Western Blot.** During tIRI, the immune-expression of GRP78, p-eIF2α and caspase 12 was increased by 57%, 52% and 54% as compared to sham (p \> 0.001) and was higher by 35, 21% and 46% in comparison to apocynin-treated group (p \> 0.001). Data are presented as mean ± SD (n = 6/group). \*tIRI compared to sham and ^\#^apocynin-treated compared to tIRI. I = Ipsilateral.

4. Discussion {#s0085}
=============

The testis is the essential male reproductive organ responsible for spermatogenesis. Thus, any aberrations in sperm production can cause male infertility issues. Oxidative stress is suggested to be the major cause for such spermatogenic abnormalities. Since NOX is one of the major endogenous sources of cellular ROS, its increased activity has been suggested as one mechanism for ROS-mediated death signals in spermatozoa. The current study demonstrates NOX's regulation of spermatogenesis, TOS, redox status and GCA.

In this study, the tIRI-subjected testes demonstrated clear damage to spermatogenesis reflected by the reduction in germ cell layers and atrophy to seminiferous tubule overall structure, which was associated with increased lipid and protein peroxidation products. These damages were prevented by the use of apocynin, a plant-derived medicinal herb that interferes with the assembly of the functional NOX complex ([@b0340]). The inhibitory and therapeutic effect of apocynin was demonstrated in many cells and organs including cancer and has been commonly utilized as a regular NOX inhibitor in research investigations ([@b0330], [@b0290], [@b0255], [@b0120]). In male-factor infertility, oxidative stress is thought to affect the fluidity of the sperm plasma membrane and ROS-induced DNA damage, which may accelerate the process of germ cell apoptosis leading to the decline in sperm counts ([@bib386]). Thus, male infertility has been connected to increased ROS production ([@bib387]). NOX has been suggested as a possible candidate for physiological ROS generation in spermatozoa ([@bib388]). NOX-derived ROS was proposed to be vital for spermatocyte maturation and acrosome formation and capacitation through a NOX-dependent apoptosis ([@bib389]). In Nox1- deficient mouse spermatogonial stem cells (SSCs), ROS levels were depleted and SSCs had reduced self-renewal divisions through activation of the p38 MAPK and JNK pathways ([@bib390]). Later, the same group identified NOX3 as another ROS contributor to SSCs self-renewal by using short hairpin RNA ([@bib391]). ROS generated by NOX4 in male germ cells was also reported to function as a second messenger in signaling pathways and regulating gene expression ([@bib392]).

Increased oxidative DNA damage was clearly demonstrated in this study by the detection of single and double DNA strand breaks and the formation of 8-OHdG adducts, which were attenuated by NOX inhibition with apocynin. The importance of NOX enzymes' contribution to oxidative DNA damage is well established by several studies. Using specific NOX siRNA or apocynin hindered the interaction of p47phox and gp91phox subunits, thus considerably reducing DNA damage in esophageal cells ([@b0320]). The H~2~O~2~ generated from NOX isoforms serves as a signaling molecule downstream of the oxidative DNA damage response (DDR) pathways, 8-oxoguanine DNA glycosylase1 (OGG1) and ataxia telangiectasia-mutated (ATM) ([@b0080]). Interestingly, it was also recently shown that changes in redox homeostasis could be induced by UVB radiation leading to NOX1 activation, which can prime a transient surge in intracellular ROS that will trigger a series of redox reactions ([@b0295]). Inhibition of UVB-induced NOX activity in both human keratinocytes and in SKH-1 hairless mice led to the quenching of DNA damage and stimulation of the DDR pathway to promote cell survival. Although it is considered as the first line of defense in preserving genomic integrity, The ATM/DDR pathway is also involved in regulating cellular redox status, mitochondrial function and metabolic control. In the presence of DNA double strand breaks, ATM is auto phosphorylated at Ser 1981 to release 2 activated ATM monomers, which will in turn phosphorylate downstream proteins like histone 2A family member X (H2AX), p53, checkpoint kinase 2 homolog (Chk-2) ([@b0050], [@b0245]). The phosphorylation of ATM at Ser 1981 is induced by TGF-β1 through several redox-sensitive mechanisms using the NOX1/NOX2/NOX4 pathway in rat kidney fibroblasts ([@b0285]). In phagocytes, the ATM kinase inactivates NOX2 activity by phosphorylation of Ser 486 in its active site ([@b0060]). Under physiological conditions, H2AX activation is thought to be secondary to indirect DNA double strand breaks produced by cellular process such as DNA replication and repair as well as directly due to early oxidative DNA damage ([@b0315]). A novel ROS signaling pathway was established where the overexpression of γ--H2AX upregulates Nox1-mediated ROS generation after DNA damage ([@b0170]). It was also revealed that ROS generation was increased by both DNA damage and γ--H2AX overexpression, which creates a signaling loop that, will eventually trigger apoptosis. In addition, ROS-mediated H2AX activation was reported to be a consequence of apoptosis induction rather than the cause of caspase activation ([@b0065]). This was confirmed by the abrogation of both H2AX phosphorylation and apoptosis upon inhibition of caspase activity. In conclusion, γ-H2AX is greatly involved in cell death signaling as demonstrated in this study during tIRI-induced apoptosis. In response to γ radiation, PARP deficient cells exhibit increased DNA damage and ATM-kinase activity associated with decreased γ-H2AX formation ([@b0005]). Activation of PARP was also found to inhibit the phosphorylation of p53, an ATM substrate ([@b0355]). This is in agreement with our previous finding ([@b0025]) and further supports our current results since NOX inhibition suppresses PARP activity, deters DNA damage and prevents H2AX phosphorylation during tIRI.

The source of ROS-triggering oxidative stress and its signaling pathways during tIRI is not well defined. Recently, ER stress has been associated with various physiological and chronic pathological conditions but with several gaps in other acute conditions such as TTD-induced tIRI ([@b0235], [@b0300]). It was previously proposed that NOX-derived ROS could participate in ER stress ([@b0220], [@b0310]). The ER adapts to oxidative stress by activation of the three UPR pathways: IRE1, PERK and ATF6, which is initiated by upregulation of the GRP78 protein ([@b0130]). The PERK transducer phosphorylates eIF2α that will eventually lead to upregulation of CHOP transcription ([@b0150]). In the current study, the immuno-expression of GRP78, p-eIF2α and CHOP was significantly increased as a consequence of tIRI. The tIRI-induced UPR activation was repressed by apocynin inhibition of NOX, thus, establishing a direct link between NOX activity and induction of ER stress. Using spontaneously hypertensive rat (SHR) revealed that PERK is Nox1-regulated while IRE1 is Nox4-regulated in vascular smooth muscle cells (VSMC) ([@b0070]). This differential modulation of ER stress pathways was confirmed to contribute to the irreversible oxidation of the VSMC proteome and vascular dysfunction in hypertension. Cerebral ischemia/reperfusion (I/R) revealed pronounced brain damage, massive neuronal loss and DNA fragmentation in association with induced ER stress reflected by the enhanced expression of GRP78, caspase-12 and CHOP ([@b0275]). The activation of the UPR pathway was counteracted by the use of a selective inhibitor of eIF2α dephosphorylation that led to reduced brain damage after I/R injury. In Nox2^-^/^-^ macrophage cells, NOX was found to play a major role in triggering ER stress through the CHOP/Ca^+^/CaMKII/JNK apoptosis pathway ([@b0220]). By using Nox2^-^/^-^ mice, lack of NOX2 attenuated ER stress--induced renal cell apoptosis, CHOP expression and renal dysfunction ([@b0220]). These studies are in agreement with the current findings confirming the direct regulation of ER stress by JNK.

If ER stress persists and the UPR fails to adapt, ER stress-mediated apoptosis will be activated ([@b0030]). The present study demonstrated the phosphorylation of ASK1/JNK apoptosis pathway and the ER stress related caspase 12 during tIRI while suppressing the expression of the inhibitor of apoptosis (IAP), survivin. These modulations were normalized by apocynin-inhibition of NOX. To our knowledge, this is the first study to prove the activation of ER-stress mediated apoptosis due to NOX-induced OS following tIRI. The involvement of ER stress-induced apoptosis of both male and female reproductive cells and different diseases has been reported and reviewed in several studies ([@b0225], [@b0180]). It was also reported that cadmium-induced GCA resulted from mitochondrial cytochrome-c release, upregulation of GRP67 and CHOP and phosphorylation of eIF2α and JNK in testes ([@b0160]). Mouse testes subjected to repeated cycles of hypothermia led to the activation of the UPR signaling pathway causing spermatocytes to undergo apoptosis ([@b0190]). Testes from hypoxic rats exhibited enhanced protein expression of p22/p47phox, NOX2 and PERK, which were all normalized by NOX inhibition with apocynin and raisanberine, thus, preventing testicular hypogonadism by ER stress suppression ([@bib393]). Using a common NOX inhibitor other than apocynin exerted a similar protective effect on attenuating apoptosis ([@b0095], [@b0115], [@b0195]). This indicates that NOX's inhibition by itself is necessary to suppress GCA regardless of the type of inhibitor. The ER transmembrane proteins ATF6, IRE1α and PERK are also recognized as mediators of apoptosis ([@b0335]). During chronic ER stress, the IRE1α-TRAF2 complex is formed that will activate the ASK1/JNK apoptosis signaling pathway ([@b0345], [@b0280]). Furthermore, CHOP, JNK and caspase 3 were shown to be activated through the PERK/ATF6, IRE1α/TRAF2/ASK1 and caspase 12, respectively ([@b0200]). Activation of ASK1/JNK signaling pathway have been recently shown to induce GCA via modulation of the thioredoxin system ([@b0015]). Caspase 12, an ER stress apoptosis mediator, activates caspase 9 that further cleaves caspase 3 to execute apoptosis in a cytochrome-c manner ([@b0265], [@b0260], [@b0155], [@b0385]). Down regulation of survivn, a well-known IAP and a mitotic regulator, was previously associated with the induction of male reproductive diseases including TTD/tIRI ([@b0360], [@b0365], [@b0020]). Interestingly, survivin expression was also found to be regulated by alterations in the redox status of the cell ([@b0145]). Augmented ROS levels leading to apoptosis were shown to be associated with survivin down regulation in many systems ([@b0370], [@b0010]). Nox4-transduced VSMC primary cultures caused the downregulation of survivin protein and mRNA expression ([@b0250]). In human breast tumors, elevated expression of NOX1/p67/p47 was associated with reduced survivin expression ([@bib394]). Human colon carcinoma cell line HCT116 transfected with NOX4 siRNA provided evidence that NOX4 is directly involved in the expression of the survivin-associated radio-adaptive responses ([@bib395]). These studies including the current one clearly indicate the critical involvement of NOX-induced ER stress in triggering cell death/survival mechanisms in testicular and non-testicular tissues. Collectively, increased NOX activity during tIRI led to activation of GRP78, which phosphorylated eIF2α1 that through ATF4 up-regulates the gene expression of CHOP. This indicates that the PERK sensor of UPR is activated. While activation of ASK1/JNK pathway is indicative of activation of the IRE1 sensor of UPR. Such activation of UPR is deactivated by NOX inhibition with apocynin treatment during ischemia prior to reperfusion.

5. Conclusion {#s0090}
=============

Our findings demonstrated a novel direct link between the NOX-induced testicular oxidative stress during tIRI and the incidence of ER stress and its involvement in induction of GCA. Future studies are needed to understand the interaction mechanism between the UPR pathway components and triggering GCA cascade. In addition, the efficacy of apocynin as a therapeutic agent was validated in many research papers ([@b0075], [@b0350], [@b0110]) including the current study, which could also be helpful in reducing the adverse effects of tIRI as a result of TTD.
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[^1]: Data are presented as mean ± SD (n = 6).

[^2]: Data analysis was determined by the one-way analysis of variance (ANOVA) accompanied by the Holms-Sidak multiple comparisons test.

[^3]: Rats received an i.p. injection of apocynin (50 mg/kg) 30 min prior to reperfusion.

[^4]: tIRI compared to sham.

[^5]: tIRI + Apocynin compared to tIRI.
